were retrospectively analyzed. The patients were classified into 2 groups: one with and one without EAD. Graft regeneration, functional recovery, and long-term patient survival were compared between the 2 groups.
Background
Successful graft regeneration is important in living-donor liver transplantation (LDLT) because partial liver grafts are used. The partial liver graft is required to meet the metabolic demands of the recipient; various factors, including graft volume, graft quality, portal hemodynamics, and immunology, affect the degree of postoperative graft regeneration in LDLT [1] . Insufficient graft mass is associated with graft dysfunction known as 'small-for-size syndrome' and leads to poor graft or recipient survival in LDLT [2] .
Early allograft dysfunction (EAD) results from various factors, including a low graft-to-recipient weight ratio (GRWR), poor preoperative recipient condition, intraoperative graft injury, and poor donor-graft characteristics in liver transplantation (LT) [3] [4] [5] . In particular, previous studies have suggested that inadequate graft size was associated with EAD development because of the disparity between liver cell growth and function in LT [2, 6, 7] . However, postoperative graft regeneration under EAD development after LDLT has yet to be examined.
In the present study, we investigated postoperative graft regeneration between patients with and without EAD. Graft function recovery after EAD development was also evaluated and the survival of patients with and without EAD after LDLT was compared.
Material and Methods

Study population
In total, 257 adult patients (age ³19 years) underwent LDLT for end-stage liver disease (ESLD) from September 2010 to July 2014 at St. Mary's Hospital (Seoul, South Korea). Perioperative data of the recipients and donors were reviewed retrospectively in the hospital electronic medical records system after LDLT. Incomplete or missing data of the recipients and donors were not included in the analyses. This study was approved by the Institutional Review Board of Seoul St. Mary's Hospital Ethics Committee (KC17RISI0001). Informed consent was waived due to the retrospective study design.
Surgery and intraoperative management
Details of the surgical technique and anesthetic management in the recipients undergoing LDLT were previously described [8] . In summary, LDLT was performed according to the piggyback technique using the right hepatic lobe of the donor with middle hepatic vein reconstruction. The portal vein, hepatic artery, and bile duct were anastomosed consecutively, and hepatic vessel patency was evaluated by Doppler ultrasonography. The liver allograft was preserved using a histidine-tryptophan-ketoglutarate solution (Custodiol; Dr. Franz Köhler Chemie GmbH, Bensheim, Germany). Gross findings of the liver graft were examined and liver graft structures were adjusted by experienced transplant surgeons on a back table in the operating room. Balanced anesthesia was applied during the surgery. Strong vasopressors, such as epinephrine or norepinephrine, were administered if hemodynamic instability was not corrected using adequate fluid resuscitation under invasive hemodynamic monitoring. Diuretics were administered when oliguria continued despite supplementing the deficient circulatory volume. Sodium bicarbonate was infused if an arterial pH <7.1 or absolute value of base excess ³10 was present.
Immunosuppression
The immunosuppression regimen consisted of 3 drugs, including a calcineurin inhibitor (tacrolimus or cyclosporine), mycophenolate mofetil (MMF), and steroid (prednisolone), in accordance with our hospital's LDLT protocol [9] . The trough level of tacrolimus was maintained within 7 and 10 ng/mL for the first month after LDLT, and within 5 and 7 ng/mL thereafter. The trough level of cyclosporine was sustained within 100 and 150 ng/mL for the first month after LDLT, and within 50 and 100 ng/mL thereafter. Steroid was gradually tapered within the first month after LDLT. MMF was also tapered between 3 and 6 months after LDLT. An IL-2 receptor blocker, such as basiliximab, was administered on the day of LDLT before the surgery and on the fourth day after LDLT [10] .
Definition of early allograft dysfunction
EAD was indicated by the presence of 1 of the following after LDLT without surgical complications: serum total bilirubin level ³10 mg/dL and international normalized ratio (INR) ³1.6 on postoperative day (POD) 7, and an alanine (ALT) or aspartate (AST) aminotransferase level >2,000 U/L within the first POD 7 [5] . According to the EAD definition, the study population was classified into 2 groups: non-EAD vs. EAD.
Liver volume measurement
Abdominal computed tomography (CT) images of the donors and recipients were used to measure liver graft regeneration. The total liver volume and right lobe volume of the donors were measured preoperatively using volumetric CT scans. Postoperative volumetric CT scans of recipients were used to determine the liver graft volume at PODs 7 and 21. Volumetry software (AW VolumeShare 4; General Electric Healthcare, Chicago, IL, USA) was used by expert radiologists to calculate the absolute liver volume (ALV). [11] .
Perioperative recipient and donor-graft findings
Preoperative variables of the recipients included age, sex, body mass index (BMI), etiology of LDLT, comorbidity, history of abdominal surgery, hemodialysis, emergency operation, model for end-stage liver disease (MELD) score, complications of hepatic decompensation, and transthoracic echocardiography findings. The laboratory parameters included hematocrit, sodium, C-reactive protein (CRP), total bilirubin, INR, creatinine, AST, ALT, albumin, ammonia, and glucose.
Intraoperative variables of the recipients included duration of surgery, continuous renal replacement therapy (CRRT), strong vasopressor (epinephrine or norepinephrine) use, incidence of severe post-reperfusion syndrome (PRS), indicated by severe hemodynamic instability, fatal arrhythmia, requirement for strong vasopressors, and prolonged or recurrent fibrinolysis [12] , average values of vital signs during the whole surgery, blood product transfusions, hourly fluid infusions and urine output, and doses of the drugs administered. The average values of the levels of lactate, brain natriuretic peptide (BNP), and glucose, all measured at the pre-anhepatic, anhepatic and neo-hepatic phases, are presented. Donor-graft factors included age, sex, BMI, steatosis percentage and type, and total ischemic time. Hepatic vascular hemodynamics, including hepatic artery resistive index (HARI) and portal venous flow (PVF), were measured on PODs 1, 3, and 5, and these values were averaged.
During postoperative graft function recovery, serum levels of total bilirubin, INR, AST, and ALT were measured on PODs 1, 7, 14, 21, and 28. Recipient survival was evaluated on the last outpatient visit during the follow-up period.
Statistical analysis
Continuous data are expressed as median (interquartile range, IQR) and compared using the Mann-Whitney U test. The normality of the continuous data was determined using the ShapiroWilk test. Categorical data are presented as number (proportion) and were evaluated using the c 2 test or Fisher's exact test, as appropriate. Postoperative changes in liver graft volumes and liver function markers (total bilirubin, INR, AST, and ALT) were evaluated by repeated-measures ANOVA (RM-ANOVA) with the Bonferroni post hoc test. The associations between perioperative recipient and donor-graft factors and EAD development were evaluated by forward and backward univariate logistic regression analyses. Potentially significant factors (p£0.1) in univariate analyses were included in multivariate logistic regression analyses. The values are expressed as the odds ratio [95% confidence interval (95% CI)]. Correlations of the perioperative changes in RLV with the postoperative changes in markers of hepatic function were examined using the Spearman correlation method. Recipient survival was evaluated in the non-EAD and EAD groups using the Kaplan-Meier method and the results compared to the log-rank test. All tests were two-sided and a p-value <0.05 was considered significant. Statistical analyses were performed using SPSS (ver. 19.0 for Windows; SPSS Inc., Chicago, IL, USA) and MEDCALC (ver. 11.0 for Windows; MedCalc Software, Mariakerke, Belgium).
Results
In total, 31 patients were excluded because of deficient or incorrect data, including liver graft volumes preoperatively (n=6), or on PODs 7 (n=5) and 21 (n=4), vital sign parameters (n=8), and laboratory variables (n=8). Eventually, data for 226 patients were analyzed, and EAD development occurred in 28 (12.4%) patients. The study population was predominantly male (70.4%), the average age was 52.7±8.3 years, and the average BMI was 24.5±3.8 kg/m 2 . The average follow-up period was 3.7±1.7 years after LDLT. The most frequent etiology of LDLT was hepatitis B virus (61.1%), followed by alcohol abuse (19.5%), drug-or toxin-related hepatitis (6.6%), hepatitis C virus (5.3%), autoimmune hepatitis (2.2%), and cryptogenic findings (5.3%). The mean MELD score was 17±9 points, and 164 patients (72.6%) suffered from ESLD-related complications before the surgery.
In the preoperative findings of the recipients (Table 1) , patients with EAD underwent emergency LDLT more frequently and had a higher incidence of hepatorenal syndrome than those without EAD. CRP levels were higher in the EAD group than in the non-EAD group. Among the intraoperative findings, the frequency of CRRT, incidence of severe postreperfusion syndrome, total transfusion of fresh frozen plasma (FFP), and average BNP level were higher in the EAD group than in the non-EAD group. Donor-graft factors, including donor age, steatosis, and total ischemic time, did not differ between the 2 groups, nor did average postoperative hepatic vascular flows (HARI and PVF). The HARI values of each group were within the reference range (0.55-0.70) [13] .
Although the absolute and relative graft volumes at the time of transplantation were comparable between the non-EAD and EAD patients, the graft volumes on PODs 7 and 21 were significantly greater in the former group (Figure 1 In assessment of the association between perioperative factors and EAD development (Table 2) , univariate analyses showed that preoperative recipient factors (heart disease, emergency operation, hepatorenal syndrome, and CRP level), intraoperative recipient factors (CRRT, severe postreperfusion syndrome, mean heart rate, FFP transfusion, and mean BNP level), and donor-graft factors (RLV on POD 7 and change in the RLV between the preoperative value and POD 7) were potentially related to EAD development. In multivariate analyses, emergency operation, preoperative CRP level, and intraoperative average BNP level were identified as independent factors favoring EAD (AUC 0.785; 95% CI [0.676-0.894]; p£0.01). In the predictive model of EAD development, the RLV on POD 7, and the changes in RLV between the preoperative value and POD 7 were not independently involved.
As shown in Figure 2 , serial changes in liver function markers, including total bilirubin, INR, AST, and ALT, were compared between the groups after LDLT. The postoperative levels of total bilirubin were higher in the EAD group than in the non-EAD group between PODs 1 and 21, but the patients with EAD showed distinct recovery of cholestasis from POD 7 to 28. The levels of INR on PODs 1 and 7 were higher in the EAD group than in the non-EAD group but did not differ significantly thereafter. The AST and ALT levels of the 2 groups were comparable. Table 2 . Association of perioperative recipient and donor-graft factors with early allograft dysfunction using univariate and multivariate logistic regression analyses.
MELD -model for end-stage liver disease; CRRT -continuous renal replacement therapy; POD -postoperative day. * Relative liver volume: graft volume to standard liver volume ratio (%).
As shown in Figure 3 , there were no significant differences in overall patient survival between patients with and without EAD development after LDLT.
In analyses of the correlation between the postoperative changes in RLV and hepatic functional markers (Table 3) , the decrease in the total bilirubin level of the non-EAD group from POD 1 to POD 21 correlated with the increase in the RLV between the preoperative value and POD 21. In the whole study cohort, and in patients without EAD, the decreases in the INR level from POD 1 to POD 7 correlated with the increases in the RLV between the preoperative value and POD 7. In the whole study cohort and in patients with and without EAD, the decrease in INR level between POD 1 and POD 21 was correlated with increase in the RLV between the preoperative value and POD 21. Particularly, in EAD patients, there was a moderate correlation between change in the RLV and change in the donor liver transplantation between the non-EAD and EAD groups. The 1-, 3-, and 5-year survival rates were 93%, 82%, and 81% in the non-EAD group, and 86%, 79%, and 79% in the EAD group, respectively (p=0.605).
Discussion
The main finding of this study was that liver graft regeneration ability was maintained despite EAD development after LDLT. In the early postoperative period, hepatic function, as measured using total bilirubin and INR levels, was higher in the EAD group than in the non-EAD group. However, graft function in patients with EAD recovered within 1 month after surgery. In the follow-up period, overall patient survival was comparable between patients with and without EAD after LDLT.
A previous study by Olthoff et al. [5] reported that the overall incidence of EAD after LT ranged from 21% to 25%, and that EAD development was significantly associated with the 6-month mortality of both the grafts and the patients. Other studies have suggested that EAD development was closely related to 1-year graft loss (retransplantation and primary nonfunction) [4] , and 1-, 3-, and 5-year patient and graft survival rates were worse in the patients with EAD than in those without EAD in the LT setting [3] . Risk factors for EAD development include recipient MELD score, donor age, surgery duration, transfusion requirement, and graft steatosis [3, 5] . Insufficient graft mass compared to recipient body size (GRWR <0.8% or RLV <40%) at the time of transplantation is related to a poor clinical outcome [14] . However, rapid graft regeneration in a patient with portal hyperperfusion is associated with a poor outcome for both grafts and patients [15] . In many reports, graft edema probably contributed to the observed increase in graft volume within the first 2 weeks after LT [16] .
In the present study, the absolute and relative graft volumes of the 2 groups at the time of the surgery were comparable, although the grafts of EAD patients more vigorously regenerated than those of patients without EAD, as assessed during the first 3 weeks after LDLT. As the increase in graft size was determined over a sufficient period of time, an overestimate because of graft edema was unlikely. In addition, because the hepatic blood flow (HARI and PVF) supplying grafts with and without EAD is similar, effects of portal hyperperfusion on increasing graft sizes could essentially be ruled out.
Our results suggest that emergency operation, preoperative CRP level, and the intraoperative average BNP level are independently associated with EAD development. Previous reports showed that these factors affected postoperative outcomes. In one study, patient and graft survival rates were worse in emergency versus non-emergency LT [17] , and in another high study, serum CRP levels were closely related to poor overall survival in recipients with hepatocellular carcinoma after LT [18] . In addition, a high serum BNP level was shown to predict cirrhotic cardiomyopathy and was associated with 1-year patient mortality [19, 20] . However, there was no significant relationship between the increase in graft volume during the first week after surgery and EAD development in this study.
Previous experimental studies have suggested that hepatocytes maintain their function during liver regeneration [21] . After partial hepatectomy, gluconeogenesis in remnant liver cells is induced as an adaptive response of the liver to prevent hypoglycemia via liver-specific transcription factors, including CCAAT-enhancer-binding protein [22, 23] . Other transcription factors, including signal transducer and activator of transcription 3 and hepatic nuclear factor-1, are upregulated by liver injury and play important roles in maintaining homeostasis during liver repair [24] . In LDLT, because partial grafts are transplanted, the graft regenerating capacity during the early postoperative period is important to overcome hepatic decompensation in the recipient [2] . A previous study by Kawasaki et al. [25] reported that patients with small grafts did not suffer from postoperative graft failure and exhibited good survival rate 3 years after LDLT, because of vigorous allograft growth. In the present study, increased graft volume after surgery occurred in parallel with decreases in the levels of graft function markers (total bilirubin, INR, AST, and ALT). The correlation between the increase in graft size and the decreased levels of graft function markers, particularly total bilirubin and INR, was statistically significant. In patients with EAD, the correlation between graft volume and changes in the INR level on POD 21 was moderate. As for the overall patient survival rate, there were no differences between patients with and without EAD after LDLT. We speculate that the steady regenerative ability of the grafts under conditions of EAD is related to the subsequent recovery of hepatic function. This finding may be of interest in the development of measures to improve long-term survival in patients with EAD after LDLT.
Our study had several limitations. First, the exclusion of a large number of patients in the non-EAD group during the longterm follow-up may have compromised the accuracy of the reported survival rates. Second, in the EAD group, we could not assess the differences between patients who died early and those who survived. Further study is required to elucidate the differences in graft regeneration and recovery among recipients who develop EAD. Third, the factors associated with graft regeneration in EAD patients could not be investigated. Previous studies have indicated that many inflammatory mediators, including interleukin-6 and tumor necrosis factora, were related to liver regeneration [26] [27] [28] [29] [30] . Further research is required to establish the factors that improve graft regeneration under EAD in LDLT and the results may contribute to improving the currently poor survival among recipients with EAD. Finally, because only right lobe LDLT was performed in our hospital, we could not investigate the differences in graft regeneration according to type of graft (right lobe graft, left lobe graft, and left lateral segment graft) during the development of EAD. The types of liver grafts differ not only in graft volume but also in anatomical properties, and these differences may affect graft regeneration and functional recovery under conditions of EAD in LDLT.
Conclusions
Liver grafts of patients with EAD after LDLT steadily regenerate and achieve functional recovery within 1 month after surgery. However, further studies are needed to identify the factors involved in graft regeneration and EAD development in LDLT. Nonetheless, EAD development on POD 7 was an intermediate and modifiable outcome in terms of long-term patient survival.
